Introduction
Cytochrome f and plastocyanin are two proteins involved in the photosynthetic electron transfer chain that links photosystems II and I. Cytochrome f is part of the cytochrome bf complex [1] , which is located in the thylakoid membrane of chloroplasts. It has a large soluble N-terminal domain, anchored in the membrane by a single α helix [2] . The soluble domain (28.2 kDa) has an elongated shape and the single, covalently bound, haem group (c-type) is located in the middle of the protein and is coordinated by a histidine residue as well as the N-terminal amino group [3] . Cytochrome f acts as the natural reductant of plastocyanin, which is a soluble type I blue copper protein [4] . Crystal and solution structures of various plastocyanins have been published previously [5] [6] [7] [8] [9] [10] [11] .
The cytochrome f-plastocyanin reaction is an excellent system for the study of interprotein electron transfer, because of its obvious physiological relevance and its high reaction rate (2 × 10 8 M -1 s -1 at 25°C, 100 mM ionic strength, pH 6.0 [12] ), despite the small driving force of about 20 mV [2, 12] and the modest binding constant of about 7 mM -1 [12] . The latter presumably reflects a relatively high dissociation rate constant and the transient nature of the complex, which is necessary to maintain high rates of electron transfer under steady-state conditions. Kinetic measurements on unmodified [13] [14] [15] [16] [17] , chemically modified [18] [19] [20] [21] [22] [23] and genetically modified [12, [24] [25] [26] [27] forms of higher plant cytochrome f and plastocyanin indicate that the interaction between the two proteins is of a highly electrostatic nature in vitro. In a chemical crosslinking experiment, it was demonstrated that Asp44 (plastocyanin) can be linked to Lys187 (cytochrome f), suggesting that, at some stage in the complex formation, these residues are close to each other [28] . Another study showed that intracomplex electron transfer is severely inhibited by chemical crosslinking, which indicates that the initial complex may not be optimal for efficient electron transfer and that rearrangement within the complex is necessary [29] . This theory is supported by kinetic evidence [17] . Recent in vivo measurements on cytochrome f variants in the green alga Chlamydomonas reinhardtii, with mutations that should affect the interaction with plastocyanin, showed only small effects on the growth rate and cytochrome photo-oxidation kinetics [30, 31] , which is surprising given the results of the in vitro studies. How the two can be reconciled remains as yet unclear.
Despite the substantial body of experimental results, it is still unresolved how plastocyanin binds to cytochrome f. In particular, the pathway used for electron transfer to the plastocyanin copper atom remains a matter of debate. Two pathways have been suggested: one via the hydrophobic patch, through the exposed copper ligand His87, the other via the acidic patch, through Tyr83 and copper ligand Cys84 ( Figure 1 ). The latter patch is involved in the electrostatic interaction with cytochrome f, but the pathway through His87 appears to be the shorter. Determination of the structure of the soluble domain of cytochrome f revealed that it contains a positively charged site (lysine residues 58, 65, 66, 181 and 185, and arginine residues 184 and 209). This site is probably involved in the interaction with the acidic patch of plastocyanin (eight negative charges) and is not located close to the haem, suggesting that the haem area itself might interact with the hydrophobic patch. Two modelling studies [32, 33] provide data that support this view.
In order to understand how rapid electron transfer is achieved in the transient complex of plastocyanin and cytochrome f, the structure of the complex was determined using a new approach, based on the changes in chemical shifts of plastocyanin nuclei upon binding to cytochrome f. By using both reduced and oxidized cytochrome f, it was possible to separate diamagnetic and paramagnetic contributions in the chemical shift changes. These data were used in restrained molecular dynamics calculations. The results indicate that plastocyanin binds in a single orientation to cytochrome f, with an interface that consists of both electrostatic and short-range interactions. The complex suggests a short electron transfer path from haem iron to the copper.
Results and discussion

Effects of complex formation
The complex of spinach plastocyanin and the soluble domain of turnip cytochrome f was determined using 1 H and 15 N NMR. The copper atom of plastocyanin was replaced by cadmium to create a redox-inactive plastocyanin substitute [34] . In order to observe solely the NMR signals of plastocyanin, this protein was enriched with 15 N, and 15 N-HSQC spectra were obtained to study the effects of complex formation. Upon addition of either reduced or oxidized cytochrome f, a general broadening of the resonances was observed and a number of peaks demonstrated chemical shift changes, indicating the formation of a complex between the two proteins. These effects were proportional to the fraction of bound plastocyanin and the line broadening of the shifted peaks was not larger than that of the other peaks, which showed that the complex was in fast exchange on the NMR timescale (k off >> 400 s -1 ). An overlay of part of the 15 N-HSQC plastocyanin spectra of free plastocyanin, cytochrome f(II)-plastocyanin and cytochrome f(III)-plastocyanin is presented in Figure 2 . Chemical shift changes observed in the cytochrome f(II)-plastocyanin complex vary from -0.11 to 0.06 ppm for protons and from -0.75 to 0.41 ppm for 15 N nuclei. Shifts are observed for residues in the hydrophobic patch as well as the acidic patch ( Table 1) , suggesting that both patches are involved in binding to cytochrome f. In the spectrum of the oxidized complex, some peaks show chemical shift changes that differ from the changes in the spectrum of the reduced complex, for example, Ser11 and Asp9 in Figure 2 . As the only difference between the oxidized and the reduced complex is the oxidation state of the haem iron, this suggests that in the complex these plastocyanin residues are located close 
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Structure to the haem. The nuclei in these residues should experience intermolecular pseudocontact shifts in the oxidized complex because the Fe(III) is paramagnetic (spin = 1/2). Pseudocontact shifts have been exploited before for determination of the orientation of the magnetic susceptibility tensor and in structural studies [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . While the present work was in progress, the use of intermolecular pseudocontact shifts was reported in a study of the complex of ferricytochrome b 5 -ferricytochrome c [48] .
Provided that the structure of the complex is the same in both oxidation states, the pseudocontact shift should be additional to the chemical shift change observed in the reduced complex (spin = 0): (1) in which ∆δ bin (ox) and ∆δ bin (red) are the chemical shift changes in the oxidized and reduced complexes caused by binding, respectively, and ∆δ pc is the pseudocontact shift. Table 1 lists the residues that demonstrated a significant pseudocontact shift [∆δ bin (ox)-∆δ bin (red)]. As the pseudocontact shift depends on the orientation and distance of a nucleus relative to the haem group but not on the gyromagnetic ratio, its sign and size should be similar for the 1 H and 15 N nuclei of any particular amide group. This is, in fact, the case for most residues that show significant changes for both nuclei (bold in Table 1 ). Only residues 87-89 appear to deviate significantly. The pseudocontact shifts range from -0.05 to 0.30 ppm and are observed solely for residues in the hydrophobic patch, indicating that in the complex this side of the plastocyanin is nearest to the haem.
Structure determination
The two categories of chemical shift changes, those caused by binding of plastocyanin to cytochrome f and the pseudocontact shifts, represent information about the structure of the complex. The former gives qualitative information about the sites that are part of the proteinprotein interface, and the latter contains quantitative information about the orientation and distance of a number of plastocyanin nuclei relative to the haem iron. In order to convert this information into a model for the structure of the complex in an objective manner, restrained rigid-body molecular dynamics were performed. In this approach, both the structure of plastocyanin and cytochrome f are treated as rigid bodies by fixing the positions of the atoms within the molecule. In addition, cytochrome f was fixed, but plastocyanin was allowed to move relative to cytochrome f in order to search for an orientation that best fitted a set of restraints, as determined by minimization of an energy term. Low energy structures were subjected to restrained energy minimization in order to release van der Waals clashes and optimize sidechain orientation. Four groups of distance restraints were used, as well as one group of angle restraints.
Interface restraints
The first group, the interface restraints, consisted of nuclei that show a chemical shift ≥ 0.03 ppm ( 1 H) or ≥ 0.10 ppm ( 15 N) in the reduced complex compared with free plastocyanin (bold in Table 1 ). It was assumed that these nuclei are from residues that are part of the protein-protein interface and must therefore be within a certain distance of the cytochrome f surface (see Materials and methods for the details of the definition).
Pseudocontact restraints
The second group, the pseudocontact restraints, was based on the pseudocontact shifts. The size of the shift is described by [49] (2) in which χ ii are the principal components of the magnetic susceptibility tensor and r, θ and Ω are the spherical coordinates of the nucleus in the coordinate system defined by the χ tensor. A number of approximations had to be made in order to use this relationship. The orientation of the susceptibility tensor relative to the crystal coordinate system of cytochrome f has not been reported. In other Overlay of part of the 15 N-HSQC spectra of free plastocyanin (blue), plastocyanin and reduced cytochrome f (green), and plastocyanin and oxidized cytochrome f (red). The cytochrome f:plastocyanin ratio was 0.8. 
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Structure haem proteins, however, χ zz is oriented nearly perpendicular to the haem plane [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , making a small angle with the bond between the iron and the sixth ligand. It was therefore assumed that χ zz in cytochrome f is oriented along the bond between the iron and the N-terminal amino group. Because the values of the χ tensor components are also not known, the EPR-derived values for the g-tensor (g z = 3.51, g y = 1.7 and g x ≤ 1.3 [50, 51] ) were used instead. The fact that g z is much larger than g y and g x suggests that the contribution of the term with (χ xx -χ yy ) to the pseudocontact shift is relatively small and may be neglected. With these approximations Equation 2 converts into (3) in which µ 0 is the permeability of vacuum (4π × 10 -7 kg m s -1 A -2 ), µ B is the electron Bohr magneton (9.2741 × 10 -24 J T -1 ), S is the spin quantum number, k is the Boltzmann constant (1.3807 × 10 -23 J K -1 ) and T is temperature. Under the conditions used, plastocyanin in complex with cytochrome f is in fast exchange with the free form and spends about 55% of the time in the complex (based on the binding constant from an NMR titration at 45 mM ionic strength; results not shown). The pseudocontact shift is observed in the complex only and therefore ∆δ pc was multiplied by a factor F (occupancy fraction) that represents the percentage of plastocyanin bound. When T = 300K and S = 1/2, Equation 3 can be written as (4) in which ∆δ pc is given in ppm, r is the distance (Å) from the plastocyanin nucleus to the iron, θ is the angle between the nucleus, the iron and the nitrogen of the Nterminal amino group of cytochrome f. In the restrained rigid-body molecular dynamics, F was varied between various runs and gave the lowest energy structures for F = 0.2 rather than 0.55. This could be explained if the value of g ax [g ax = g z 2 -0.5(g x 2 +g y 2 )], which is incorporated in the factor 1.848*10 3 , is smaller at 300K than the value calculated from the EPR data (10K). This effect has been observed for other c-type cytochromes [41] . Equation 4 was used to calculate target distances for all nuclei that showed pseudocontact shifts. As the target distance depends on the orientation of plastocyanin relative to the haem (angle θ), the restraints were redefined regularly during the rigid-body molecular dynamics run, on the basis of the newest position of plastocyanin.
Minimal distance restraints
For all amide groups of which neither the 1 H nor the 15 N nucleus showed a pseudocontact shift, minimal distance restraints were defined (the third group). Given the angle θ, a distance can be calculated at which the pseudocontact shift would be smaller than the experimental error and thus would remain undetected. The nucleus had to be at this distance or further from the haem iron to satisfy the restraint.
Electrostatic restraints
The fourth group of distance restraints, electrostatic restraints, represents the electrostatic properties of the interaction between plastocyanin and cytochrome f. In a previous study [12] , plastocyanin residues Asp42, Glu43, Asp44, Glu59 and Glu60 were shown to be involved in binding to cytochrome f. In the present work, it was assumed that these residues interact with the large positive patch on cytochrome f. Recent kinetic measurements in vitro on cytochrome f variants with mutations in this region support this hypothesis (XS Gong, personal communication). Restraints were defined for the Oδ1/ε1 atoms of these five negative residues, which were satisfied if these atoms were close to any one or several Nζ/η atoms of the lysine and arginine residues in the positive patch on cytochrome f.
Angle restraints
Finally, angle restraints were defined for the atoms that showed a pseudocontact shift. The sign of the pseudocontact shift depends on angle θ in Equation 4. For positive shifts, θ should be between 0° and 55°or between 125°a nd 180° and for negative shifts, θ should be between 55°a nd 125°.
The restraint groups are listed in Table 2 . In the molecular dynamics calculations, each group has a scaling factor. The product of the number of restraints and the scaling factor indicates the relative importance of each restraint group. Note that more weight was attached to the restraints based on the information from the quantitative pseudocontact shifts than from the qualitative binding effects. Table 2 Restraint groups. 
Figure 3
A representative restrained rigid-body molecular dynamics run. The energy term for all distance restraints (E tot ) is shown as a function of the cycle number. The arrows indicate the cycles in which a random displacement of plastocyanin occurred because E tot was ≥ (5 × the threshold) and had not changed more than 20% over 10 cycles (≡ local minimum). 
Quality of the structure
The structures obtained from the restrained rigid-body molecular dynamics runs only showed violations of the interface and the pseudocontact restraints. The interface restraints represent qualitative information and the violations must be interpreted with some care (see below). An ensemble of the best ten structures therefore was obtained by selecting those with the lowest residual pseudocontact energy term. The ensemble, shown in Figure 4 , clearly demonstrates that the data are in accordance with a single orientation for plastocyanin in the complex.
Accuracy of the structure
The accuracy of the structure depends on the quality of the method of determination, for which several points have to be considered. Firstly, in a molecular dynamics approach, it can never be excluded that other, equally good, solutions exist that simply have not been found. To diminish this chance, a considerable number of different starting positions for plastocyanin have been used in the molecular dynamics runs. No orientations for plastocyanin were found that had similarly low energies as that of the determined structure.
Secondly, systematic violations of the restraints may represent differences between the calculated and 'true' structure, because of limitations of the computational approach. No or very small violations were observed for the minimal distance restraints or the electrostatic restraints. The group of interface restraints showed systematic violations for a few amide nuclei. Some of these are found in residues located in the acidic patch (Ile46 and Ile55) and are part of the interface. Despite this fact, these nuclei still cause violations because cytochrome f backbone atoms, rather than surface atoms, had to be used for the definition of the interface restraints (see Materials and methods) and in this part of cytochrome f the surface is relatively far from the backbone. The violations of a few other nuclei appear to represent the transmitted effects of complex formation onto the protein (Gly6 NH and Asn32 Nδ2 via interface residue Leu12, and the amides of residues 94-96 via the interface residues around A90). Figure 5a shows that all backbone angle restraints are satisfied, indicating that the orientation of plastocyanin must be close to the 'true' one. The violations for the pseudocontact restraints were evaluated by back-calculation as demonstrated in Figure 5b for the ensemble of structures. This is more informative than determining distance violations, because these become disproportionately high for some values of θ (Equation 3) and they do not reflect the sign of the pseudocontact shift. It is clear from Figure 5b that the structure has some residual violations of the pseudocontact restraints. The pseudocontact restraints had to be calculated on the basis of several approximations concerning the χ-tensor. The target distances and angles were defined loosely to take into account errors in the orientation in the χ zz and size of g ax as well as errors due to the neglected (χ xx -χ yy ) term. To allow for an error in the value of the g ax , the occupancy fraction F was varied systematically. For a value of 0.1, plastocyanin tended to collide with cytochrome f, because it is pulled too close to the haem. For 0.3 and 0.4, plastocyanin moved away from the haem, creating a gap between the hydrophobic patch and the haem region, which is not in agreement with the observed diamagnetic chemical shift
Figure 4
Ensemble of the ten lowest energy structures of the plastocyanincytochrome f complex. The positions of plastocyanin (Cα trace, in purple) relative to cytochrome f (pink) are shown for the ten structures with the lowest residual pseudocontact restraint energy after restrained energy minimization. The haem group (green) and His87 (blue) are shown in ball-and-stick representation; the copper atom is shown as a blue sphere.
changes in the hydrophobic patch; these suggest that intimate contact exists between plastocyanin and cytochrome f. Therefore, F = 0.2 gave the best results. The fact that some violations remain, suggests that the approximated description of the χ-tensor is the factor that limits the accuracy of the structure.
Finally, in the molecular dynamics runs both proteins were treated as rigid bodies, thus allowing no changes in the positions of sidechains. In the restrained energy minimizations, only those sidechains moved that had van der Waals collisions or did not satisfy restraints. Because no solvent was present and electrostatics were not taken into account, the surface complementarity in the structure will not be optimal.
Precision of the structure
To assess the precision of the structure, it is most relevant to determine how precisely the position of plastocyanin is defined relative to that of cytochrome f. The procedure of rigid-body molecular dynamics, followed by energy minimization, is implicitly based on the hypothesis that the structures of both proteins remain largely unchanged upon complex formation. It is therefore useful to distinguish between a 'fitted root mean square deviation (rmsd)' and a 'positional rmsd'. The fitted rmsd is the rmsd obtained after superposition of the two structures that are being compared. The average fitted rmsds for the ensemble of structures compared with the mean structure are 0.004 Å and 0.048 Å for the backbone and all non-hydrogen atoms of cytochrome f, respectively. For plastocyanin, these
Figure 5
Angle and pseudocontact restraint violations. (a) The angles formed by a given nucleus, the haem iron atom and Tyr1 N atom is shown for 15 N (left) and NH (right) of residues that demonstrate a pseudocontact shift ( Table 1) . The angles of all ten structures of the low energy ensemble are given as 'high-low' symbols (vertical bar plus horizontal dashes). 64sc and 88sc represent the sidechain amides ( 15 N, 1 Note that in the ensemble the pseudocontact shifts of the sidechain amide of Asn64 have the wrong sign. In the energy minimization, the sidechain was rotated to relieve the angle restraint violation, but only until the angle reaches the error margin, as shown in (a). Under that specific condition, no angle restraints exist to rotate the sidechain further and the distance restraints are ineffective because the sign is wrong, thus causing the observed violation. (Figure 4 ) compared to the mean plastocyanin structure is a measure of the precision of the structure of the complex. This is 1.05 Å for all non-hydrogen atoms. It is concluded that the number of restraints was sufficient to produce convergence to a welldefined structure. Figure 6 shows the structure of the complex in backbone and spacefilling representations. Both the hydrophobic and acidic patch of plastocyanin make contact with the cytochrome f surface, with a total interface size of 400-500 Å 2 . Plastocyanin residues Asp42, Glu43 and Asp44 are close to cytochrome f residues Arg209, Lys187 and Lys185, respectively, and residues Glu59 and Glu60 are close to Lys65 and Lys58, respectively. Plastocyanin residue Asp51 was not restrained, yet it is close to Lys187. Glu45 and Asp61 are not close to positive groups on cytochrome f, but it cannot be concluded that these residues have no role in the electrostatic interaction. These residues were not used in the electrostatic restraint list and electrostatic interactions were not included directly in the calculations, so simply no force acted upon them. In plastocyanin, the hydrophobic patch residues Gly10, Leu12, Phe35, Pro36, Leu62, Asn64 and Ser85-Ala90 are close (< 4 Å) to cytochrome f atoms. A very short electron transfer pathway is present from the haem to the copper atom, because the copper ligand His87 makes van der Waals contact with cytochrome f residues Phe4 and the haem ligand Tyr1 (Figure 7) . The shortest distance is found between His87 Nε2 and Tyr1 Cδ2 (average distance 2.9 Å). The copper-iron distance ranges from 10.7 to 11.3 Å with an average of 10.9 Å. This strongly suggests that electron transfer proceeds via His87. Earlier studies, based on kinetic measurements on plastocyanin mutants Tyr83→Phe and Tyr83→Leu [24] [25] [26] , had suggested that Tyr83 was part of the route used for electron transfer; these results are currently being re-evaluated.
Description of the structure
In a set of six plastocyanin-cytochrome f complexes obtained via electrostatic calculations and molecular dynamics [33] one is similar, though not identical, to the experimentally based structure reported here. The coordinates, of this structure (denoted D; GM Ullmann, personal communication) were used for backcalculation of the pseudocontact shifts and to determine the restraint violations. It produced an E tot that is below the threshold used in the rigid-body molecular dynamics and would therefore have been considered a low energy structure. The structure, however, is not in complete agreement with the experimental data, as judged by restraint violations in several restraint groups. Although the N-terminal plastocyanin loop in the hydrophobic patch is far from the 330 Structure 1998, Vol 6 No 3
Figure 6
The structure of the plastocyanin-cytochrome f complex. The structure of the complex is shown with plastocyanin in purple and cytochrome f in orange in (a) backbone and (b) spacefilling representations, shown in identical orientations. The color coding is green, haem; yellow, Tyr1 and Phe4; red, Nζ and Nη atoms of Lys185, Lys187 and Arg109; dark blue, His87 and copper; magenta, Tyr83; cyan, Oδ/ε atoms of Asp42, Glu43, Asp44 and Asp60. Plastocyanin residues are indicated in bold text. surface of cytochrome f, considerable chemical shift changes are observed for nuclei in that loop. Some of the backcalculated pseudocontact shifts are much too high, suggesting that the orientation of plastocyanin relative to haem is not completely correct, and the electrostatic interactions with the cytochrome f area around Lys65 appear to be poor. The iron-copper distance is larger in this theoretical structure (13.6 Å) and a route for electron transfer is less obvious. The experimental structure reported here also resembles a manually docked complex (complex number 2 reported in [32] ).
A two-step model for complex formation
Kinetic measurements [17] and crosslinking studies [29] have suggested that the initial electrostatic binding of plastocyanin to cytochrome f does not result in a complex that is optimal for the electron transfer and that internal rearrangement is necessary. The basis for the structure of the complex presented in this study is a set of NMR data. In principle, these could represent a single complex or the average of an ensemble of complexes, which are in fast exchange. A large ensemble of very different orientations, however, is unlikely, because then the pseudocontact shifts would tend to average out, as observed in the complex of plastocyanin and cytochrome c [52] . If there were more than one plastocyanin orientation in the complex, it would be likely that these would affect the chemical shifts in acidic and hydrophobic patches to a different degree. A titration of the 15 N-HSQC spectra of the oxidized and reduced complexes between 10 and 70 mM ionic strength, however, did not show any differentiation of the chemical shift changes into groups. With increasing ionic strength, all chemical shift changes decreased with the same ratio, which is due to a decreasing binding constant (results not shown). Also a temperature titration of the HSQC spectra between 289 and 307K did not show any differentiation. This strongly suggests that the NMR data represent a single structure, rather than an average of several structures.
To resolve this paradox with the kinetic and crosslinking data, which suggest the presence of at least two structures, the following two-step model for the formation of an electrostatic complex is proposed (Figure 8 ). The first complex formed (Figure 8b ; B) is of purely electrostatic nature, because the electrostatic interaction is active over long distances, whereas other non-covalent interactions are short-range forces. This complex would consist of a set of complexes, as Brownian dynamics calculations [53] have shown that within purely electrostatic complexes, multiple orientations of similar energy levels normally coexist. Recent electrostatic calculations for the plastocyanin-cytochrome f complex have demonstrated this quite clearly as well [33] . These complexes would be relatively 'loose' and no water exclusion from the interface area is likely to occur. Rapid exchange between various electrostatic orientations would therefore be possible. These features would result in very small diamagnetic chemical shift changes and cancellation of any intermolecular pseudocontact shifts. Rates of electron transfer would also be very low because of the strong decay of electronic coupling with distance, especially in the case of 'through
Research Article Plastocyanin-cytochrome f complex Ubbink et al. 331 Model for the formation of an electrostatic complex. (a) Free proteins, (b) ensemble of 'loose' structures based on electrostatic interactions, which are in fast exchange, and (c) single, tighter, binding site, based on electrostatic as well as short-range forces. In the complex of plastocyanin (pc) and cytochrome f (cyt.f), the equilibrium between (b) and (c) is to the right, whereas in the plastocyanin-cytochrome c complex it is to the left [52] .
space' coupling, which has been calculated to cause rates to decay by a factor of ten for every additional 1.4 Å [54, 55] . The second step is the formation of a well-defined single-orientation complex (Figure 8c; C) . Hydrogen bonding, hydrophobic interactions and van der Waals contacts all contribute to the binding energy. There would be fast exchange between forms B and C, shown in Figures 8b and c. The position of the equilibrium depends on the system under study. The data on the plastocyanin-cytochrome c complex suggest that in this case the equilibrium is strongly towards form B, because the chemical shift changes are very small and no pseudocontact shifts are observed [52] . In the case of plastocyanin and cytochrome f, the equilibrium appears to be to the right, given the larger chemical shift changes and the presence of pseudocontact shifts. The optimum in the electron transfer rate as a function of ionic strength [17] could be interpreted as an equilibrium shift from C to B at very low ionic strength.
According to this model, short-range forces are only effective in form C, but the relative importance of electrostatic forces in the two forms of the complex cannot yet be accurately assessed. General arguments suggest that electrostatics contribute substantially to form C, consistent with the structure we have determined. Nevertheless, the electrostatic restraints used in our molecular dynamics modelling were deduced from kinetic results and not from direct observation by NMR. In order to determine the influence of these restraints on the resulting structure, rigid-body molecular dynamics runs were performed in which the electrostatic restraints were left out and more weight was attached to the interface restraints, relative to the paramagnetic restraints. The lowest energy structures of the complex that were obtained show plastocyanin in essentially the same orientation as in Figure 4 . Several other orientations with somewhat higher energy were also found. The electrostatic restraints therefore appear to single out one of the orientations and help to define this one with better precision. In terms of the two-step model, we conclude that some electrostatic interactions are retained in form C, and that their role is to guide the partners into a position that is optimal for electron transfer and which is further stabilized by short-range interactions.
This model could also explain why in crosslinked complexes, no electron transfer is observed. When the proteins are crosslinked in the presence of 1-ethyl-3-(2-dimethylaminopropyl) carbodiimide at pH 6.5, the reaction is normally carried out at low ionic strength to encourage formation of the electrostatic complex. Although the crosslink involves covalent contact, the groups concerned are unlikely to be favourable for electron transfer and one of the orientations of form B will be selected. As discussed above, these are optimized electrostatically, but not for electron transfer. It may be significant that Lys187 of cytochrome f and Asp44 of plastocyanin, which have been shown to undergo crosslinking [28] , are not in close contact in form C.
The concept of rearrangement between two different forms of complex, as proposed here, has become a common theme of studies of biological electron transfer reactions, for example between yeast cytochrome c and cytochrome c peroxidase [56] , methylamine dehydrogenase and amicyanin [57] , cytochrome c and cytochrome c oxidase [58] and cytochrome c 2 and the photosynthetic reaction centre of purple bacteria [59] . Similar models have been proposed for the non-physiological reactions between the photo-excited Zn-porphyrin form of cytochrome c and plastocyanin [60] or cytochrome b 5 [61] . Protein-protein interactions in the two forms of the complex probably involve overlapping sites or a single binding domain [62] . Independent sites seem to be uncommon, although there is clear evidence for two independent sites in the case of cytochrome c peroxidase binding cytochrome c [62] . The kinetic evidence supporting rearrangement provides little information about the nature of the two forms of complex. The existence of an ionic strength optimum in several systems indicates that electrostatic forces favour one form (the less reactive one) over the other. The more reactive form of the complex would involve close protein-protein contacts and exclusion of water, as discussed in more detail elsewhere [63] , but some electrostatic interaction will probably be retained. In this context, the importance of the work described here is twofold. Firstly, it provides experimental evidence of a specific structure for the more stable (and probably more reactive) form of the complex between cytochrome f and plastocyanin (C; Figure 8c ), and it shows that both hydrophobic and electrostatic effects can be involved simultaneously. Secondly, the initial purely electrostatic form (B), the existence of which is implied by other work, lacks associated paramagnetic shifts and therefore must be dynamic, with numerous orientations in fast exchange with each other. In the case of cytochrome c and cytochrome c peroxidase, the kinetics of such multiple conformations have been observed with a fluorescence quenching technique by freezing them out at 77K [64] . This, and other experiments, led McLendon to propose the 'Velcro' model, according to which the initial recognition between soluble redox partners is not by a stereospecific lock-and-key interaction, but by one involving complementary charged patches which can associate in many different orientations of similar energy like pieces of Velcro material [65] [66] [67] . The dynamic nature of the initial electrostatic complex has also been successfully modelled by Brownian dynamics simulations [53] , whereas information concerning the close forms of complexes is scarce.
Finally, we should stress that our results relate to the interaction between plastocyanin and a soluble form of cytochrome f in vitro, albeit under conditions of pH and ionic strength not too dissimilar from those that may occur in the thylakoid lumen. In the intact thylakoid, the native form of cytochrome f is anchored to the membrane and plastocyanin may undergo a two-dimensional diffusion over the membrane surface rather than a three-dimensional diffusion in the lumen space [68] . Nevertheless, our conclusions regarding the complex between these two protein are based upon their detailed structure and physico-chemical properties and hence are likely to be relevant to the situation in vivo.
Biological implications
The reduction of plastocyanin, a water-soluble copper protein, by cytochrome f, a component of the cytochrome bf complex, is a central reaction of the photosynthetic electron transport chain of most oxygenic organisms. Electron transfer reactions are involved not only in photosynthesis but also in respiration and a range of other metabolic processes. Reactions between redox partners, in which either or both are diffusible proteins that must form a transient complex for the reaction to occur (as is the case for plastocyanincytochrome f), are less well understood than those within a protein or stable protein complex. This is largely because of the lack of precise structural information about the reactive state of the complex. We describe the results of a novel application of NMR spectroscopy which form the basis for use in restrained molecular dynamics calculations, to obtain the structure of the complex formed between a large water-soluble fragment of cytochrome f and plastocyanin. A single structure, which provides a short electron-transfer path between the haem group of cytochrome f and copper atom of plastocyanin, was obtained under a variety of experimental conditions. In contrast, kinetic measurements and crosslinking studies have suggested that initial electrostatic binding of plastocyanin to cytochrome f does not result in a complex that is optimal for electron transfer and so internal rearrangement is required. In order to reconcile our result with previous kinetic observations and crosslinking experiments, a two-step model for formation of the complex is proposed in which a dynamic, purely electrostatic, complex with many rapidly exchanging orientations is formed first and is then rapidly converted, under the influence of shortrange forces, into a single, more specific, structure. This model of the reaction process is similar to those that have been proposed to explain other electron transfer reactions, especially between cytochrome c and cytochrome c peroxidase in yeast mitochondria. Our results therefore contribute to a general understanding of the role of electrostatics and short-range forces in interprotein electron transfer. The distinctive feature of these results is the use of NMR to obtain detailed structural information about the complex formed, and the technique described is probably applicable to other systems involving formation of transient complexes.
Materials and methods
Sample preparation
Spinach plastocyanin enriched with 15 N was produced in Escherichia coli, grown on M9 minimal medium [69] containing 15 NH 4 Cl as nitrogen source. The protein was purified as previously described [70] . Cadmium substitution was performed according to a previously used method [34] . The soluble domain of cytochrome f from turnip was purchased from Sigma. NMR samples contained 1.0 mM plastocyanin and 0.8 mM cytochrome f in 90% buffer (5 mM potassium phosphate and 39 mM sodium chloride) and 10% D 2 O and had an ionic strength of 40 mM (pH 6.0). The concentration determinations were based on optical spectra using ε 554 = 31.5 mM -1 cm -1 for cytochrome f in the reduced form, ε 597 = 4.7 mM -1 cm -1 for oxidized plastocyanin and ε 277 = 5.8 mM -1 cm -1 for Cd-plastocyanin. Cytochrome f was kept in a reduced form with a few equivalents of sodium ascorbate and was stable in this form for days. The oxidized form showed a tendency to precipitate as well to autoreduce. The rate of autoreduction appeared to differ between cytochrome f batches. NMR spectra of free plastocyanin, the reduced complex and the oxidized complex were always taken on the same sample. Either oxidized cytochrome f was added to the plastocyanin and later reduced with ascorbate or reduced cytochrome f was added and later oxidized with half a molar equivalent of H 2 O 2 . Both approaches gave the same results.
NMR experiments and analysis
NMR experiments were performed on a Bruker AM500 (Cambridge), a Varian Unity 500 MHz (Göteborg) and a Varian Unity plus 600 MHz spectrometer (Swedish NMR Centre, Stockholm). All measurements, except the temperature titration, were performed at 300K. 15 N-HSQC spectra were obtained according to [71] with spectral widths of 20.7 ppm ( 15 N) and 13.3 ppm ( 1 H) and 128 and 1024 complex points in the indirect and direct dimensions, respectively. Data processing was performed with AZARA (available from: ftp://ftp.bio.cam.ac.uk/pub/azara/) and data analysis with Ansig [72, 73] . Proton and 15 N assignments of reduced spinach plastocyanin were kindly provided by A Bergkvist. With these, assignments of the Cd-substituted spinach plastocyanin could be made readily on the basis of the chemical shift changes observed for cadmium-substituted pea plastocyanin, as compared to its reduced form [34] .
Structure determination
Restrained rigid-body molecular dynamics and restrained energy minimization were performed with X-PLOR version 3.1 [74] . The various restraint groups were defined in the following way. The interface restraints were set up as distance restraints between a particular plastocyanin nucleus and all backbone amide N atoms of cytochrome f, using the r -6 averaging option. Because of this averaging procedure, the restraint is satisfied only when the nucleus gets close to a single or a few cytochrome f N atoms; N atoms further away hardly contribute to the averaged distance to the plastocyanin nucleus. The advantage of this approach is that a restraint is obtained that attracts the nucleus nonspecifically to cytochrome f. However, the N atoms represent the backbone, rather than the surface; where the surface is far from the backbone, the plastocyanin nucleus cannot fully satisfy the restraint, even though it may be in contact with the surface, as observed for nuclei in the acidic patch (see above). The target of the square-well function was 16 and 11 Å for plastocyanin backbone and sidechain amide nuclei, respectively. The electrostatic restraints were defined in the same way, except that the r -6 averaging was done over the distances to the cytochrome nuclei Nζ or Nη1 of lysine residues 58, 65, 66, 181, 185 and 187, and arginine residues 184 and 209, and a target of 6.5 Å.
The definition of the pseudocontact restraints has been described above. A square-well function was used and the target was redefined after each cycle of 1000 steps. The angle restraints for the angle of a plastocyanin nucleus with the bond between the iron and the N-terminal amino group were defined as dihedral restraints for the dihedral between the plastocyanin nucleus-haem atom NB vector and iron-amino bond. The target dihedral was set to the target angle and adjusted for the difference between the actual angle and dihedral. This difference varies with the orientation of plastocyanin and therefore the restraint was redefined after each cycle.
In the rigid-body molecular dynamics no other energy terms were used apart from the restraint terms. van der Waals collision was (largely) prevented by a set of 55 distance restraints for plastocyanin nuclei spread evenly over the molecule, which were defined in the same way as the interface restraints, but used a high scaling factor and an exponent of 4 (all other restraints used 2). This approach proved more stable than any of the van der Waals functions available. The step time was 40 fs and a run of 200 cycles is 8 ns. However, as only restraint energy terms were used, this number has no physical meaning. The temperature was set to 5000K, using the TBATH option in X-PLOR, but it showed large fluctuations. The general scaling factor for the restraints was 0.008 and the threshold for saving coordinates was 80. A run of 200 cycles took 7.5 hrs CPU time on a Silicon Graphics Indigo2.
Restrained energy minimization (Powell option) was performed using the bond, angle, dihedral, improper and van der Waals energy terms, as well as all the restraints mentioned above, except for the 55 restraints that prevented collisions. The target for the electrostatic restraints was set to 4 Å. An extra set of 45 distance restraints was defined using a squarewell function with a narrow well and high exponent and scale for nuclei within plastocyanin, in order to maintain the overall structure of this protein without fixing any coordinates. The position of cytochrome f was fixed by fixing the positions of the C′ atoms in the backbone. The energy minimisation continued for 10 cycles of 200 steps.
Accession numbers
The coordinates of the ensemble of 10 plastocyanin molecules and cytochrome f have been deposited at the Protein Data Bank under accession number 2PCF.
